Rasvumite and "loparite-(Ce)" from the Mont Saint-Hilaire alkaline complex in Québec were re-examined using a variety of analytical techniques. Rasvumite crystals from a marble xenolith and tawite ("sodalite xenolith") entrained in nepheline syenite contain significant amounts of Rb and Cs (up to 7.2 and 2.6 wt.%, respectively). Our data indicate that these elements are more compatible with respect to rasvumite than sodalite, tainiolite, or perovskite-type phases. Cubo-octahedral crystals and penetration twins of "loparite-(Ce)" from the tawite comprise {100} growth sectors composed of loparite-(Ce) and {111} sectors composed of lueshite; the proportion of Na 0.5 Ce 0.5 TiO 3 and NaNbO 3 components varies by 15 mol.% between the sectors. In addition to the light rare-earth elements and Ti, the {100} sectors are enriched in K, Sr, Ba, Y, Th, U, Fe, Si and Zr with respect to the {111} sectors, which show higher levels of Na, Ca, Nb and Ta. Some elements (Ba, Th and U) exhibit a two-fold or greater difference in D between the sectors. Crystal-chemical analysis of the sector zoning indicates that higher-charged cations partition into surface protosites with fewer bonds satisfied (in agreement with Dowty's model). Among isovalent A-site cations, the larger partition into the {100} sectors. This observation is at variance with Dowty's predictions, but can be readily explained in terms of the relative differences in bond strength between large and small cations (estimated from their bond-valence parameters). The distribution of B-site cations is highly charge-dependent (but size-independent) and constrained mostly by heterovalent substitutions in the A site within a given sector. Comparison with the published data shows that the inter-sectorial distribution of cations in the perovskite structure is controlled not only by their charge, radius and involvement in coupled substitutions, but also by the chemistry of crystallization environment (e.g., availability of Nb). The implications of these data for the study of element partitioning in perovskites are discussed. The loparite-lueshite intergrowths and Rb-Cs-rich rasvumite in the tawite are interpreted to have crystallized in equilibrium with sodalite, aegirine and tainiolite from halogen-rich peralkaline magma. The tawite and its host nepheline syenite may have formed from cognate immiscible magmas, as proposed earlier by Piilonen, McDonald and Lalonde.
Introduction
The Mont Saint-Hilaire complex (MSH, hereafter) in Québec (Canada) is one of the best-known intrusions of alkaline rocks in the world and a collecting site frequented by both professional and amateur mineralogists. Whereas significant progress has been recently made in the understanding of the crystal chemistry of some ubiquitous rockforming and accessory minerals from MSH (e.g., Piilonen et al., 1998 Piilonen et al., , 2003 , the less-common minerals, for which MSH is not the type locality, have not been studied in adequate detail. To address this deficiency, we undertook a detailed reinvestigation of some of the poorly characterized material from MSH. In the present work, we report new data on rasvumite and perovskite-group minerals (PGrM) from this locality and discuss the petrologic implications of these new data. Some of our findings are relevant to petrologic problems well outside the realm of mineralogically exotic peralkaline rocks.
Analytical methods
The abundances of major elements in rasvumite and PGrM were determined by energy-dispersive X-ray spectrometry (EDS) using a Jeol 5900 scanning-electron microscope (SEM) equipped with a LINK ISIS analytical system, and operated at 20 kV and 0.64-0.66 nA. Raw EDS spectra were acquired for 180 s (live time) and processed using the LINK ISIS-SEMQUANT software, with full ZAF corrections applied. The following standards were used for the electron-microprobe analysis (EMPA) of rasvumite: chalcopyrite (Fe, S), jadeite (Na), orthoclase (K), synthetic RbCl (Rb) and CsCl (Cs). A Cameca SX 100 fully automated electron microprobe and wavelength-dispersive spectrometry (WDS) were used to confirm that Na, K, Rb, Cs, Fe and S are the only elements present in the MSH rasvumite in detectable quantities (see below).
Several crystals of "loparite-(Ce)" from MSH were examined by EDS in combination with back-scattered electron (BSE) imaging. All of the crystals revealed prominent sector zoning. The orientation of sectors was established by semi-quantitative analysis of carbon-coated faces of uncut crystals, coupled with BSE imaging of oriented offcuts mounted in epoxy. Four crystals were selected for further study, of which two were sufficiently large (∼120 µm across) to enable analysis of individual sectors by laserablation techniques. Because these crystals exhibited an appreciable core-to-rim compositional variation, two smaller crystals (∼50 µm across) with essentially uniform composition within the sectors were selected for WDS analysis. This method was chosen because K, Fe and Si could not be quantified accurately by either EDS or laser-ablation techniques. The larger crystals were carefully mapped under BSE and reflected light to enable accurate positioning of a laser beam. The EDS data were obtained with the Jeol 5900 SEM, as described above, but using the following standards: loparite (Na, La, Ce, Pr, Nd, Nb), perovskite (Ca, Ti) and synthetic ThNbO 4 (Th). The WDS analyses were done using the Cameca SX 100 instrument (see above) operated at 15 kV and 15 nA, with a beam size of 5 µm. The following standards were employed in the analysis: albite (Na), diopside (Ca, Si), fayalite (Fe), orthoclase (K), synthetic rare-earth phosphates (La, Ce, Pr, Nd and Sm), SrTiO 3 (Sr, Ti), Ba-Na niobate (Nb), ThO 2 (Th) and UO 2 (U).
The two large crystals of "loparite-(Ce)" were analyzed for Sr, Ba, Y, U, Zr and Ta by laser-ablation inductivelycoupled mass-spectrometry (LA-ICP-MS). Several other elements (Rb, Cs, Lu and Hf) were sought, but found not to be present at detectable levels. Table 1 shows the instrument parameters used for the analyses. La, determined independently by EMPA, was used as an internal standard to monitor ablation. The external calibration standard used was NIST glass 610 with the nominal values reported by Pearce et al. (1977) . The choice of analytical isotopes was constrained by expectations of sensitivity and the potential for spectral overlaps and molecular interferences. The Element 2 was operated in low-resolution mode and isotopes were carefully chosen to avoid interference from geochemically coherent elements, e.g., between the rare-earth elements (REE) and Ba. Here, 137 Ba is free from interference. 181 Ta may be potentially interfered by heavy REE. Given that Lu, used to monitor heavy REE, is present in the examined samples at or below a detection limit of 3 ppm, this potential interference is believed to be negligible . The  88 Sr,  89 Y and  90 Zr values may be affected by argide production in the plasma, and the principal problem lies with Ti  argides affecting 88 Sr at all resolutions. Argide production for the given tuning conditions was found to be negligible by monitoring 88 Sr counts per second while running a series of pure Ti standards. While 238 U was free from interferences in this matrix, oxide production (which would reduce sensitivity) was monitored during instrument tuning and kept below 0.3 % of the 238 U count rate. The measured trace element intensities were processed using GLITTER (van Achterbergh et al., 2001) . Three standard signals were collected before and after the data acquisition at 9 points. The standard signals were averaged, and local backgrounds used on all signals. The time-resolved portions of the sample signals were selected to gather as large a sample as possible and to keep fractionation below 10 % and the fractionation-to-error ratio at or below 3.
X-ray diffraction (XRD) data for rasvumite and "loparite-(Ce)" were obtained by Gandolfi method using Ni-filtered CuKα gradiation with a 114.6-mm camera mounted on a Phillips 3710 instrument operated at 30 mA and 40 kV. Diffraction lines were measured and indexed manually using the data of Czamanske et al. (1979) and Chakhmouradian et al. (1999) as references. The cell parameters were refined using the UnitCell software (Holland & Redfern, 1997) .
Rb-Cs-bearing rasvumite
Rasvumite is a rare K-Fe sulfide with a chain-like structural motif (e.g., Mitchell et al., 2004) . Apart from the type locality at Khibiny in the Kola Peninsula, Russia (Sokolova et al., 1970) , this mineral has been described from the adjacent Lovozero intrusion, Lake Flekkeren area in Norway, Coyote Peak in California, Point of Rocks in New Mexico, and Oldoinyo Lengai in Tanzania (Czamanske et al., 1979; Ifantopulo et al., 1983; DeMark, 1984; Jamtveit et al., 1997; Jago & Gittins, 1999) . At MSH, rasvumite was described first by Horváth & Gault (1990) as encrustations in the so-called "sodalite xenoliths". In 1991, G. Haineault found this mineral in marble xenoliths, where it forms bladed crystals up to 30 mm in length (Horváth & Pfenninger-Horváth, 2000) . This material was subsequently examined by Gebhard & Schlüter (1994) . With the exception of Mn-F-rich rasvumite from Tanzania, all previously reported compositions approach the ideal formula KFe 2 S 3 . The analysis of MSH rasvumite by Gebhard & Schlüter (1994) has a low total and yields a nonstoichiometric formula suggesting the presence of additional element(s) substituting for K.
We identified rasvumite in a "sodalite xenolith" of nearspherical shape composed of three concentric zones (from the core outward): (i) villiaumite, (ii) sodalite, and (iii) pectolite. This "xenolith" was found in the Poudrette quarry at the contact between hornfels and nepheline syenite incorporating numerous fragments of marble and sodalite-rich rock (for definitions and descriptions, see Horváth & Gault, 
1990
; Piilonen et al., 1998; McDonald & Chao, 2004) . The nepheline syenite contains a greater proportion of mafic minerals (and, thus, is considerably darker) than leucocratic nepheline syenites comprising the bulk of the East Hill suite. Piilonen et al. (1998) proposed that the sodaliterich parageneses and their host nepheline syenites could have derived from the same parental magma by liquid immiscibility. Our observations support this model and are certainly inconsistent with the identification of these rocks as xenoliths (see Discussion). It is also noteworthy that, regardless of their origin, the sodalite-rich rocks from MSH should not be referred to as sodalite syenite (cf. Piilonen et al., 1998) . According to the nomenclature of igneous rocks (Le Maitre, 2002) , the term "foid syenite" is reserved for plutonic rocks with a foid-to-feldspar ratio of 1.5 and the preponderance of alkali feldspar over plagioclase (P' < 10). The paucity of any feldspar in these rocks requires that they be termed sodalitolites or tawites, the latter name alluding to the "type locality" of aegirine-sodalite rocks in the Tavaiok (Tawajok) River valley at Lovozero. The term "sodalite xenolith" is also undesirable because sodalite is not a rock name.
In this sample, rasvumite occurs as minute ( 25 µm), nearly equant crystals enclosed in sodalite (Fig. 1a) , which is devoid of detectable Ca and contains very little of the nosean component (<0.7 wt.% SO 3 ). Other minerals found in the same sample include euhedral crystals of aegirine-augite zoned to aegirine, villiaumite, intergrowths of loparite-(Ce) with lueshite (see below), manganoan pectolite, niobian rinkite, galena, and a lithian mica compositionally intermediate between tainiolite (ca. 60 mol.%) and phlogopite+annite. In this paragenesis, pectolite occurs only as inclusions in aegirine, whereas sodalite is fractured at the contact with, and veined by, villiaumite. Small angular fragments of sodalite and clinopyroxene are embedded in villiaumite. The clinopyroxene, mica, rasvumite and loparite-lueshite intergrowths appear to be in equilibrium with the sodalite.
Rasvumite from this paragenesis contains up to 7.2 wt.% Rb and 2.6 wt.% Cs ( Table 2 ). The presence of Rb and Cs in the MSH rasvumite was confirmed by WDS, but the lack of a suitable standard precluded its accurate analysis. Using wavelength (sinθ) scans, we also confirmed the absence in these samples of other elements that could potentially substitute for K (Ba, Sr, Tl and Pb) or Fe (Cu, Mn and Ni). Both sodalite and tainiolite were also analyzed by WDS, but Rb and Cs were not detected in either of these minerals. For comparative purposes, we also re-examined the bladed rasvumite of Horváth & Gault (1990) . This material is chemically heterogeneous due to pervasive alteration along cleavage planes (Fig. 1b) . The altered areas appear to be enriched in Fe and H 2 O relative to the nominal composition KFe 2 S 3 . Fresh areas contain elevated levels of Rb and Cs (up to 3.1 and 0.6 wt.%, respectively). Note that without these elements, the analytical totals (Table 2) would be close to the value reported by Gebhard & Schlüter (1994) . Thus, our data indicate significant solubility between KFe 2 S 3 and RbFe 2 S 3 in natural rasvumite (Fig. 2) ; complete miscibility among the synthetic K, Rb and Cs end-members has been established by Mitchell et al. (2004) . The XRD pattern and unit-cell parameters of the bladed variety (Table 2 ) are virtually indistinguishable from the previously reported data (e.g., Czamanske et al., 1979) . (blue) show the preponderance of Na 0.5 LREE 0.5 TiO 3 component, whereas {111} sectors (purple) contain a higher proportion of NaNbO 3 and, thus, should be termed lueshite. 
Sector-zoned "loparite-(Ce)"
At MSH, the most common PGrM is lueshite approaching the ideal composition NaNbO 3 . The intergrowths studied in the present work were originally described as loparite-(Ce) (Wight & Chao, 1995) . They are associated with the equant rasvumite, and occur as cubo-octahedral crystals up to a few hundred µm across, random intergrowths of such crystals and penetration twins of hexagonal tabular habit (Fig. 3) . This habit results from {111} being the domi- nant crystal form, unlike in the more common fluorite-law twins composed of cubes. Both crystals and twins comprise sectors of different average atomic number (AZ). The high-AZ sectors, corresponding to the {100} form, contain higher levels of light REE (LREE), Sr, Th, Ti and Fe than the {111} sectors; the latter are comparatively enriched in Na, Ca and Nb (Tables 3, 4, Fig. 4) . The {111} sectors do not reach the center, indicating that the crystal habit was initially cubic. Their outward-flaring shape (Fig. 4) suggests that the growth rate of octahedral faces decelerated relative to that of the cubic faces. Locally, subtle oscillatory zoning is superposed on the sectorial pattern. In both {100} and {111} sectors, the proportion of Na and Nb decreases, and that of Ca slightly increases outward. A single LA-ICP-MS analysis from the core of one of the crystals gave a Ta/Nb value slightly higher than those near the rim in the cubic and octahedral sectors (0.018, 0.015 and 0.012, respectively).
The compositions of MSH crystals can be expressed in terms of three end-member components: loparite, lueshite and perovskite (Fig. 5) , and plot near the most evolved compositions from Khibiny and Lovozero, but are somewhat richer in Ca. In accord with the existing nomenclature, the cubic cores and {100} growth sectors correspond to loparite-(Ce), whereas the {111} sectors to lueshite or isolueshite. Distinction between the latter two minerals is impossible without a single-crystal diffraction study. Given that all NaNbO 3 -dominant compositions from "sodalite xenoliths" examined to date correspond to pseudocubic lueshite (Mitchell et al., in prep.) , we shall refer to the material in the Na-Nb-enriched sectors as lueshite. Geometric distortion of the archetypal perovskite structure (space group Pm3m) does not necessarily produce superlattice diffraction lines detectable with conventional powder-diffraction techniques. From the absence of superlattice lines in the XRD pattern of loparite-lueshite intergrowths, we conclude that departure from the undistorted cubic structure is negligible; the measured unit-cell parameter is also in excellent agreement with that calculated from the ionic radii assuming the ideal Pm3m-type atomic arrangement (Table 3) .
Both cation charge and radius are crucial to the development of sector zoning (e.g., Dowty, 1976; Paquette & Reeder, 1995; Cressey et al., 1999) . To examine the effect of ionic radius on cation distribution in the MSH material, we determined the content of trace elements isovalent with, but differing in size from, the major cations (Tables 3, 4). Tables 3 and 4 , it is obvious that Y 3+ and U 4+ behave similarly to the other high-charge cations, i.e. partition into the {100} sectors. The small-cation to large-cation mass ratios are essentially identical in the {100} and {111} sectors (U/Th value is but marginally higher in the latter). The mono-and divalent cations exhibit a remarkably different distribution pattern: Na 1+ and Ca 2+ are enriched in the {111} sectors, whereas K 1+ , Sr 2+ and, especially, Ba 2+ in the {100} sectors. The K/Na, Ba/Ca, Ba/Sr and Sr/Ca ratios are consistently higher in the latter (Tables 3, 4 ). The minor B-site cations show a radius-independent chargecontrolled distribution (i.e., Si and Zr partition into the Tienriched {100} sectors whereas Ta into the {111} sectors: Tables 3, 4) .
Sector zoning has been previously documented in PGrM from different igneous rocks, but is especially common in peralkaline parageneses. Some examples include tausonite (Vorob'yov et al., 1987) , perovskite (Dawson & Hill, 1998) , loparite (Bussen & Sakharov, 1972) , and complex intergrowths of perovskite and loparite (Mitchell & Chakhmouradian, 1999) . These examples cover a wide range of compositions in terms of their Na, Ca, Sr, LREE, Th, Nb and Ti contents. Unfortunately, only two of the published descriptions contain any information on the crystallographic orientation of individual sectors (Vorob'yov et al., 1987; Mitchell & Chakhmouradian, 1999) . On the basis of the EMPA data and BSE image provided by Dawson & Hill (1998) , the high-and low-AZ zones in their sample can be confidently identified as cubic and octahedral growth sectors, respectively. Comparison of our data with those from the literature shows that LREE, Th, Sr, K, Fe, Si and Ba (where detected) are invariably concentrated in the {100} sectors, whereas Ca and Nb (where detected) in the {111} sectors (Table 5 ). The K/Na and Sr/Ca values are consistently higher in the {100} sectors.
Discussion
Origin of the sodalite-rich "xenolith"
The peralkaline sodalite-rich rock, containing Rb-Cs-rich rasvumite and loparite-lueshite intergrowths, shows textural characteristics distinguishing it from bona fide xenoliths. The observed relationships among the three major minerals indicate that the peripheral pectolite zone formed before the intermediate sodalite zone, which, in its turn, was succeeded by villiaumite in the core. Such crystallization order points to an origin other than the entrapment of a fragment of sodalite-rich rock in nepheline-syenitic magma and their subsequent reaction to produce the marginal zone of pectolite. The lack of any mineralogical or textural evidence of metasomatism (such as pseudomorphs, shadow structures, coronas of fibrous amphibole around clinopyroxene, etc.) is also inconsistent with a xenolithic origin, because xenoliths in alkaline rocks are typically metasomatized. A more plausible explanation is that this unusual mineral assemblage crystallized from an enclave of peralkaline magma extremely rich in volatiles (F, Cl and SO 3 ) during or following the emplacement of the host nepheline syenite. Because of the scarcity of the material available to us, neither the origin of this hypothetical melt nor its genetic relationships with the nepheline syenite could be established with certainty. On the basis of field evidence and clinopyroxene compositions, Piilonen et al. (1998, p. 789) proposed that the two rock types may have been derived from a single parental magma by liquid immiscibility. This model is consistent with our observations and the available (albeit, limited) experimental data (Kogarko et al., 1974; Romanchev & Kuznetsova, 1982; Yudintsev et al., 1983) . Immiscible separation of a Na-halogen-rich melt has also been invoked to explain the occurrence of sodalite-rich parageneses in alkaline rocks at Lovozero in the Kola Peninsula (Gerasimovskii et al., 1968a, pp. 169-170) , Gran Canaria (Romanchev & Kuznetsova, 1982) , and Junguni in Malawi (Woolley & Platt, 1988) .
The enrichment of the MSH rasvumite in Rb and Cs (Table 2) , and the low Ta/Nb ratio of the "loparite" (Table 3) both indicate that their parental melt was extremely evolved. The association of Rb and Cs with fractionated granitic pegmatites is well known (e.g.,Černý, 1982), but in silica-undersaturated agpaitic rocks (i.e. those not associated with peralkaline granites), minerals containing these Points (1) and (3) are near the center of the intergrowth, points (2) and (4) are closer to the edge. Oxides by EMPA, elements by LA-ICP-MS; LA-ICP-MS data are averages of 4 analyses each. n.d = not detected; element ratios are based on the average compositions of {100} and {111} sectors determined by EMPA and LA-ICP-MS. ‡ Calculated using ionic radii of Shannon (1976) , the average calculated assuming 60 % of the crystal volume occupied by {100} sectors and 40 % by {111} sectors.
elements in significant concentrations are exceedingly rare.
In alkaline plutons with a well-established sequence of crystallization (e.g., Lovozero), the whole-rock abundances of Rb and Cs in the major intrusive series increase with fractionation (Gerasimovskii et al., 1968b) . However, even in the most evolved parageneses at Lovozero, MSH and similar complexes, such minerals as astrophyllite and leifite, known for their structural tolerance toward large alkali cations, contain <1 wt.% Rb and Cs (Sokolova et al., 2002; Piilonen et al., 2003) . The rasvumite described in the present paper is unique in containing very high levels of these elements. Interestingly, our data seem to indicate that Rb and Cs are much more compatible with respect to rasvumite than Li-Mg mica, sodalite or PGrM (see above).
This conclusion is somewhat unexpected, given high percentages of Rb and Cs in trioctahedral mafic micas from fractionated granitic pegmatites (e.g., Černý et al., 2003) . One significant implication of these observations is that K sulfides may be an important sink for Rb and Cs in (hyper)agpaitic parageneses. Evidently, rasvumite and similar phases (e.g., djerfisherite, bartonite and murunskite) should be routinely analyzed for Rb and Cs. The Ta/Nb ratio in oxide minerals, including PGrM, decreases progressively with fractionation. For example, at Lovozero, loparite from the most primitive foid syenites has a Ta/Nb ratio 0.06 (i.e. close to, or higher than, the primitive-mantle value: McDonough & Sun, 1995), whereas the most evolved agpaitic parageneses Rubidian rasvumite and sector-zoned "loparite" 541 contain loparite and lueshite with Ta/Nb 0.02 (Mitchell & Chakhmouradian, 1996; Chakhmouradian & Mitchell, 2002a) , i.e. similar to the compositions documented in the present work. The core-to-rim decrease in Ta/Nb value, documented in the MSH material, is consistent with liquidus crystallization (Chakhmouradian, 2006) . The acicular rasvumite, containing moderate levels of Rb and Cs, occurs in a "hyperagpaitic" mineral assemblage (with carbonates, fluorite and sulfides) in marble xenoliths (Horváth & Pfenninger-Horváth, 2000) . Neither the timing of this type of mineralization nor the provenance of fluids, which produced it, is presently known. Carbonate-and Frich fluids are a common product of evolution of alkaline magmas (e.g., Chakhmouradian & Mitchell, 2002b; Pekov & Podlesnyi, 2004) , and could have sourced from either tawites or nepheline syenites.
Sector zoning in perovskite-group minerals: crystalchemical controls
The origin of sector zoning in PGrM has not been previously discussed to any significant extent. One important observation that can be made from the published and our own data is that variations in the proportion of different A-site cations (especially, Na, LREE, Ca and Sr) are generally much more pronounced than variations in the proportion of B-site cations (see Table 3 for site designations). In fact, the MSH material is the only known example of dramatic (0.13-0.17 apfu) inter-sectorial differences in the occupancy of B site. Thus, it seems reasonable to seek an explanation to the observed zoning in the structural setting and characteristics of A-site cations, and then explore possible mechanisms of B-cation partitioning between the sectors.
Numerous studies of zoning in other minerals offer various explanations for the crystallographically controlled partitioning of elements within a crystal (for comprehensive discussions, see Shearer & Larsen, 1994; Watson & Liang, 1995) . Among the possible mechanisms and driving forces, we can confidently rule out the following: (1) Interplay between the different rates of ion diffusion in the melt, and growth or lateral layer-spreading rates of crystal forms (Wass, 1973; Paterson & Stephens, 1992; Skulski et al., 1994) . In our case, the relatively fastergrowing {100} sectors contain higher amounts of less mobile LREE and Th, which is inconsistent with this kinetic model; (2) rapid crystallization (Kouchi et al., 1983; Brophy et al., 1999) . None of the minerals in the tawite "xenolith" show any morphological evidence of rapid crystallization. On the contrary, minerals that commonly exhibit an acicular habit (aegirine-augite, pectolite and rasvumite) here form nearly equidimensional crystals, and the aegirine-augite is devoid of sector zoning so typical of clinopyroxenes from extrusive alkaline rocks (Gamble, 1984; Dobosi et al., 1991) ; (3) different lattice-diffusion rates of the cations responsible for zoning (Watson & Liang, 1995) . The pattern observed in the MSH sample involves significant variations in the proportion of such weakly bonded and readily diffusing cations as Na 1+ (cf. Chakhmouradian et al., 1999) ; (4) various degree of cation order on symmetrically nonequivalent growth surfaces (Akizuki, 1981 (Akizuki, , 1984 . Detailed structural investigations have not revealed any evidence of cation order in PGrM of different chemistry (e.g., Hu et al., 1992; Mitchell et al., 2000) . Hence, we interpret the observed zoning as a growth feature arising from the differing cation-bonding geometries of {100} and {111} surfaces, in combination with sectorcontrolled compensation of charge imbalance (e.g., Dowty, 1976) . From the available XRD data (see above), we infer that the cubic perovskite structure can serve as a satisfactory model for our analysis. The bonding of A-site cations to oxygen atoms on the {100} and {111} surfaces of a loparite crystal is shown in Fig. 6 . Given that both {100} and {111} are F forms, the growth probably occurred by layer spreading (Hartman, 1973) , which is consistent with the locally observed oscillatory zoning. We further simplified our model by disregarding any relaxation effects that could change the topology and stoichiometry of the surface (Noguera, 2000) , and by assuming that (i) the growth steps are parallel to the edges of the corresponding crystal form; (ii) the thicknesses of growth steps on the {100} and {111} surfaces are equal to d 100 and d 111 , respectively; and (iii) crystallographic sites, whose bonding requirements are 80 % satisfied, are stably occupied. The latter condition is somewhat arbitrary, and is introduced here to eliminate from consideration the protosites at the base of a step. Note that a step with a large number of vacancies at its base will not be able to spread. Our 80 % bonding requirement is also in accord with Dowty's (1976, p. 461) suggestion that "a 5/6 site . . . is probably very close to the configuration within the crystal". Surface-relaxation effects are not considered here because the experimental data available for different perovskite-type structures in the literature are either inconclusive or at variance with theoretical predictions (Noguera, 2000) .
As shown in Fig. 6 , A-site cations on the {100} surfaces are less strongly bonded in comparison with the {111} surfaces. Along the edge of a spreading step, where most of the "construction" takes place (e.g., Wang & Ehrlich, 1991) , the A-site cation is coordinated by 5 and 7 oxygens on the {100} and {111} surfaces, respectively (Fig. 6) . In the compositional range determined for the MSH material, this difference corresponds to 0.14-0.51 valence units (v.u.), calculated for the average A-O distance of 2.75-2.76 Å (Brown, 1996) . On a terrace above or below the step, the difference in bonding is less significant for the two structural settings, but still amounts to 0.06-0.21 v.u.. Tri-and tetravalent A-site cations differ from Na 1+ by about 0.06-0.14 v.u. and from Ca 2+ by 0.02-0.10 v.u. per bond. These differences imply that LREE, Th and U should partition strongly into the {100} sectors, whereas Na into the {111} sectors, provided that charge balance within the sectors is maintained. This prediction is in accord with the observed cation distribution (Tables 3, 4 {100} sectors in PGrM from MSH and other localities (see above), is at variance with the prediction of Dowty (1976) that higher-charged and smaller cations will be enriched in relatively underbonded protosites. This partitioning behavior can be explained by the fact that, in most PGrM, K, Sr and Ba are trace elements that have to adjust to the lattice dimensions constrained by the major cations (primarily, Na, Ca and LREE). In the range of A-O distances calculated for the MSH samples, these trace elements have v.u. values higher than, or comparable to, those of LREE 3+ , Th 4+ and U 4+ . Thus, the large mono-and divalent cations will bond to the "underbonded" {100} surfaces as firmly as lanthanides or actinides and will not be as easily detached as Na 1+ or Ca 2+ . Although neither Rb nor Cs is present in the studied material at detectable levels (∼15 ppm), it is reasonable to expect that these elements will mimic the behavior of large divalent cations.
An antipathetic correlation between LREE (or Th) and Na (or Ca) indicates that, in the MSH samples, charge compensation within the sectors involves substitutions in the B site, rather than simple coupled substitutions in the adjacent A positions within the same layer (such as LREE 3+ + Na 1+ ⇔ 2Ca 2+ ). Analysis of inter-element correlations shows that, in our case, the most important compensation mechanism is LREE 3+ + 2Ti
( Fig. 7) . This previously unrecognized mechanism requires that the intake of excess Na by a spreading 110 step be accompanied by preferential incorporation of Nb (and trace Ta) in the following growth layer. Such coupled substitutions involving A and B sites effectively avoid over-or underbonding of surface oxygen atoms. Principally similar models, involving coupled substitutions in successive growth layers, have been proposed to explain charge-controlled substitutions in sector-zoned clinopyroxenes (Dowty, 1976; Skulski et al., 1994; Jensen, 2000) . The Ti 4+ cation is smaller than either Nb 5+ or Zr 4+ in an octahedral coordination, whereas Si 4+ is significantly smaller than any other B-site cation (Shannon, 1976) . Hence, the preferential partitioning of Si and Zr into the same sectors as Ti (Tables 3, 4) further indicates that the distribution of these elements was controlled primarily by charge-compensation requirements and not by the differences in cation radius. The inter-sectorial decoupling of penta-and tetravalent B-site cations could have been facilitated by the different bonding geometries of B protosites exposed on the {100} and {111} surfaces. The B protosites exposed on the {111} surfaces have only 50 % of their bonding requirements satisfied (i.e. three out of six B-O bonds remain available for bonding), in contrast to 80 % for the B protosites on the {100} surfaces. It is difficult to assess the relative importance of bonding vs. chargecompensation constraints in this case, because they both promote enrichment of Nb and Ta in the {111} sectors. Partitioning of Fe 3+ into the {100} sectors (Table 4) is consistent with this model, as it allows local compensation of excess positive charge arising from the enrichment of these sectors in LREE 3+ . Also, a Fe 3+ cation forms weaker bonds with oxygen atoms in comparison with tetra-or pentavalent cations and, thus, can be more easily detached from the "underbonded" {111} growth surfaces than from the {100} surfaces.
From the above synthesis, it is clear that the intersectorial partitioning of a cation is constrained not only by the surface characteristics of a growing crystal, but also by the distribution of other cations within, or immediately below, the growth layer (cf. Dowty 1976) . Coupled substitutions in the same growth layer and successive layers seem equally important. For example, variations in Na and LREE contents in the Hills Pond perovskite are largely controlled by the replacement of Ca 2+ with Na 1+ plus LREE 3+ in the A site (Mitchell & Chakhmouradian, 1999) , whereas the MSH crystals exhibit a more complex relationship involving substitutions in both A and B sites (Fig. 7) .
Sector zoning in perovskite-group minerals: environmental controls
Comparison of our data with those available in the literature shows that the distribution of Na and Ti in sectorzoned PGrM is strongly dependent on their Nb content (Table 5 ). In Nb-poor compositions, Na is concentrated in the LREE-rich {100} sectors or shows no appreciable variation between the two sector types, whereas Ti is slightly enriched in the {111} sectors owing to the preferential incorporation of Fe and Si in the cubic sectors. In Nb-rich PGrM, Na is enriched in the {111} sectors concomitantly with Nb and antipathetically with Ti. This seemingly "inconsistent" partitioning behavior of Na is readily explained if we recall that this element is incorporated in the perovskite structure via two principal substitution mechanisms: Na 1+ + LREE 3+ ⇔ 2(Ca 2+ , Sr 2+ ) and Na 1+ + Nb 5+ ⇔ (Ca 2+ , Sr 2+ ) + Ti 4+ . In the absence of Nb, variations in LREE content between the {100} and {111} sectors will control the distribution of Na, as dictated by charge-compensation requirements. The availability of Nb in other systems will facilitate the enrichment of Na and depletion of Ti in the {111} sectors (as seen in the MSH samples). This example demonstrates the effect of trace elements (Nb, in our case) on the partitioning of major elements (Na). It is well known that mineral-melt distribution coefficients (D) are dependent on the melt composition (e.g., Simon et al., 1994; Taura et al., 2001) . The influence of the chemistry of crystallization environment on the intersectorial element partitioning has been reported for a few minerals (e.g., ankerite: Searl, 1990 ), but, in general, remains poorly understood.
Sector zoning in perovskite-group minerals: petrologic implications
PGrM are the most volumetrically significant constituent of the Earth. The lower mantle is believed to comprise as much as 78-79 wt.% of MgSiO 3 and 5-6 wt.% of CaSiO 3 (Wood, 2000; Hirose et al., 2004) . The distribution of nonsilicate PGrM in the mantle is not as well understood, but the published xenolith studies indicate that perovskitetype titanates may be important sinks for LREE, Sr and Nb in the upper mantle (Haggerty 1987; Kopylova et al., 1997) . Perovskite sensu stricto is an important component of silica-undersaturated crustal rocks and refractory inclusions in meteorites (Grossman, 1980; Chakhmouradian & Mitchell, 1997) . It was also postulated to be one of the earliest phases to condensate from the solar nebula (Grossman, 1972) . The understanding of element partitioning between PGrM and melts or co-existing minerals is of profound importance to the interpretation of fractionation processes in the primordial Earth (Hirose et al., 2004) , interpretation of seismic discontinuities (Wood, 2000) and identification of potential heat sources in the lower mantle (Taura et al., 2001) , distinguishing between the postulated nebular and igneous perovskite in meteorites (Simon et al., 1994) , constraining f (O 2 ) in the magma (Lloyd et al., 1996) , and many other petrologic problems whose detailed discussion is beyond the scope of this work.
To date, only a few of the analytical studies of element partitioning in PGrM have recognized disequlibrium partitioning as a potential source of discrepancies in the reported data (e.g., Simon et al., 1994) . The example of MSH crystals shows that disequilibrium partitioning in relatively slow-cooled systems is capable of producing manifold variations in D values for certain elements within a single crystal. It is commonly argued by experimentalists that compositional heterogeneities arising from disequilibrium should be readily detectable in BSE images. Note, however, that the elements showing the largest variation in D values between the {100} and {111} sectors (Ba, Th and U) are typically present in both natural and synthetic perovskites in trace quantities. Such substituents as Na, LREE, Sr and Nb are generally abundant in crustal PGrM, but occur at 10 0−3 ppm levels in high-pressure (Mg, Fe)SiO 3 and CaSiO 3 (e.g., Hirose et al., 2004) . Evidently, heterogeneities in the distribution of trace elements will not be detectable with conventional imaging techniques. It is not inconceivable that the discrepancies in D values and bimodal distribution of isovalent cations, reported in some of the previous studies, result from disequilibrium partitioning. For example, decoupling of light and heavy REE in MgSiO 3 , noted by Hirose et al. (2004) , can be more plausibly explained by growth-controlled partitioning of larger LREE 3+ cations into the {100} sectors (see above), rather than by assuming the existence of two different A sites in the structure (ibid., p. 255-256 −7 to 10 −9 m/s for individual faces) employed in experimental studies are conducive to the development of sector zoning, as seen, for example, in clinopyroxene (Kouchi et al., 1983; Skulski et al., 1994) . The impeding effect of high pressure on lattice diffusion (e.g., Van Orman et al., 2001 ) is likely to preserve compositional heterogeneities arising from growthcontrolled element partitioning (Watson & Liang, 1995) . Interestingly, sector-controlled distribution of trace elements is a "hallmark" of diamonds synthesized at high P and T (e.g., Shigley et al., 2004) , but is relatively uncommon in natural crystals.
Conclusions and future work
The rasvumite and PGrM from Mont Saint-Hilaire hold important clues to the evolutionary history of their host rock (tawite). The enrichment of rasvumite in Rb and Cs, low Ta/Nb ratio in loparite and lueshite, and the association of these minerals with sodalite and villiaumite indicate that this rock crystallized from highly-fractionated peralkaline magma enriched in Cl, F and S. It remains to be determined whether the tawites and their host nepheline syenites are cognate, as proposed by Piilonen et al. (1998) . The immiscibility model agrees with the available experimental data and petrogenetic interpretation of nepheline-syenite + tawite associations at other localities (Kogarko et al., 1974; Romanchev & Kuznetsova, 1982; Gerasimovskii et al., 1968a) , but identification of immiscibility in either synthetic or natural systems is not trivial, and further studies of sodalite crystallization from peralkaline melts are clearly required.
The crystal-chemical analysis of element distribution in the loparite-lueshite intergrowths from MSH and comparison with the published data were used to develop a genetic model for sector zoning in perovskites (sensu lato). In this model, the inter-sectorial distribution of elements is controlled by: (i) the differences in bonding geometry of cation protosites exposed on the {100} and {111} surfaces of a growing crystal; (ii) relative bond strength; (iii) charge constraints imposed by heterovalent substitutions within the same sector; and (iv) the chemistry of crystallization environment. The differences in partitioning behavior between high-and low-charged cations are in accord with the general model of Dowty (1976) , whereas the partitioning of isovalent A-site cations does not agree with Dowty's predictions, but can be readily explained in terms of the differences in bond strength between large and small cations. The distribution of B-site cations appears to be controlled primarily by the charge constraints imposed by 544 A. R. Chakhmouradian, N. M. Halden, R. H. Mitchell, L. Horváth substitutions in the A site. Finally, inconsistencies in partitioning behavior of Na and Ti among the different PGrM are actually consistent with the availability (or otherwise) of certain trace elements (primarily, Nb and LREE) in the crystallization environment. The latter mechanism is not obvious unless a range of perovskite compositions from different rock types is examined. Such comparison shows that the trace-element budget of a melt or fluid may have significant influence on the partitioning of major elements (e.g., Na) between the crystal and melt (fluid).
Although the present work summarizes the data on sector zoning in a wide range of perovskite compositions, we were limited to a small set of analytical data. It is essential to extend this dataset to a larger selection of trace elements and to PGrM from other localities. It is also important to test the applicability of our model to compositions that fall outside the Na 0.5 Ce 0.5 TiO 3 -NaNbO 3 -CaTiO 3 -SrTiO 3 system. For example, all sector-zoned PGrM described to date contain low levels of trivalent B-site cations ( 0.5 wt.% Fe, undetectable Al, Cr and V), which can be incorporated in perovskite via two principal substi- (Kopylova et al., 1997; Chakhmouradian & Mitchell, 2001) . By analogy with Na, we can expect that Nb-enriched {111} sectors will compete for [6] B 3+ with the LREE-enriched {100} sectors, and that the inter-sectorial partitioning of [6] B 3+ will be controlled predominantly by the availability of LREE and Nb in the melt. Clearly, empirical data are needed to test this conjecture.
Another potential avenue of further research is to study the influence of anion substitutions on sector zoning. The relative importance of charge and size constraints may be different for zoning involving only heterovalent substitutions of cations vs. cases where such exchange is chargebalanced by anion substitutions in the nearest coordination sphere, e.g., (Al,Fe) 3+ + O 2− ⇔ Mg 2+ + (OH) 1− in tourmaline (Henry et al., 1999) . Although it is reasonable to expect that size considerations become more important where alternative charge-compensation mechanisms (i.e. anion exchange) are available, this aspect of the crystal chemistry of minerals has not been addressed in the previous literature. An in-depth study of sector-zoned minerals with "mixed" anion populations is required to further our understanding of these mechanisms and their influence on the inter-sectorial distribution of cations.
In conclusion, we would like to add that sector zoning in minerals is a function with many parameters, and, despite the voluminous literature on this subject, some of these parameters remain poorly understood and, possibly, unrecognized.
